INTRODUCTION
Heat stress is a serious problem for poultry production in hot climates and is expected to become more prominent worldwide with global climate change. The impact of heat on poultry production was reviewed by Lara and Rostagno (2013) . In layers, the effects of heat stress result in reductions in egg production, feed consumption, and overall egg quality, particularly shell and albumen quality (Melesse et al., 2013) . Saint Pierre et al. (2003) reported increased mortality due to heat stress in layers in the US, which combined with loss of production resulted in 98 million dollars loss to the industry. A meta-analysis (Mignon-Grasteau et al., 2015) revealed significant increase of mortality under heat stress but also that effect of heat depends on genotype and age of the bird and on management system, which was characterized by group size in that study. Melesse et al. (2013) observed significant differences in response to heat between lines of chickens. Differences in response to heat stress between genetic lines have also been identified in terms of immunological biomarkers, blood and brain chemistry, and physical parameters of the hens (Felver-Gant et al., 2012) . Commercial broilers were shown to be more susceptible to heat stress than Red Jungle Fowl and village fowl, suggesting an unintended adverse effect of domestication and intense selection for growth on ability to withstand environmental stressors (Soleimani et al., 2011) . One of the suggested genetic solutions has been a single gene approach that targets reduced feather coverage (neckedneck or featherless chicken) (Cahaner et al., 2008) . Significant response to selection for heat tolerance under experimental conditions (Wilson et al., 1975) supports the existence of a genetic component for thermotolerance in layer chickens. Several studies have examined differential gene expression in different tissues under heat stress (Luo et al., 2014; Rimoldi et al., 2015; Sun et al., 2015; Wang et al., 2015) and identified large numbers of genes and metabolic pathways affected by heat. Lamont et al. (2014) reviewed the state of knowledge of genomics of heat stress in chickens and concluded that genomic tools can be used to breed chickens for increased heat tolerance. Chen et al. (2013) proposed increment of rectal temperature under heat stress as a reliable indicator of heat resistance. Rectal temperature and temperature change were shown to have low heritability but a genome wide association study identified some genomic regions potentially associated with body temperature (Van Goor et al., 2016) . To our knowledge, no direct genome wide association studies on genetics of heat-induced mortality have been performed.
Identifying genomic regions that contribute to heat stress resistance could provide tools for selection for improved heat tolerance within the high-producing chicken lines. The occurrence of multiple waves of high heat index during the summer of 2012 and the resulting high mortality of fully pedigreed hens provided an opportunity to study potential genetic components of heat-related mortality.
MATERIAL AND METHODS
In the summer of 2012, the state of Iowa experienced 3 acute heat waves of 11, 3, and 4 d of heat index (Steadman, 1979) above 38
• C over a period of 2 mo, which led to considerable production losses and increased mortality in birds. Mortality records for fully pedigree elite stocks were available for detailed analysis of mortality during these heat waves.
For the current study, the proportion of a rooster's daughters that died from heat during this period was calculated for 118 sire families of a White Leghorn layer line. The number of daughters per sire that was exposed to acute heat stress ranged from 25 to 111 and averaged 68. The base line mortality in non-heat stress periods in the analyzed population was negligible; thus, unless other reasons were identified by veterinarians, all mortality in the analyzed periods were attributed to heat stress. All birds were kept in the same building and managed in the same way. Heat stress mortality was defined based on sire families as proportion of daughters that died during heat weaves. There were no large age differences between the birds and sires were approximately evenly represented in all hatches except for some small random variation. All daughters would experience the same summer heat (within a few weeks). We observed 3 waves of extreme temperature with increased mortality but analyzed the data as a single trait irrespective of the date of mortality.
DNA was isolated from blood obtained from the wing web of all sires. Genotyping was done using the 600K Axiom SNP chip (Affymetrix, Santa Clara, CA). Stringent SNP selection criteria were applied: clustering quality (only SNPs classified as polymorphic high resolution were retained), minor allele frequency >0.025, maximum proportion of missing genotypes <0.05 and maximum parent-offspring mismatch rate <0.05, which resulted in the final number of SNP available for the analysis 113,344.
The data were analyzed using Bayesian Variable Selection model BayesB (Meuwissen et al., 2001) , with or without weighting the residual variance by progeny group size. The proportion of SNP assumed to have no association with mortality (π) was 0.999 in order to keep the number of markers fitted per iteration lower than the number of phenotypic observations. In BayesB additive effects of all markers are fitted simultaneously as random effects and variance components are estimated from the same data (Habier et al., 2011) . The Markov chain Monte Carlo (MCMC) chain was run for 30,000 iterations post burn-in (2,000 iterations). All calculations were performed in GenSel (Garrick and Fernando, 2013) . Variance explained by 1-Mb window was used as criterion for association. Genomic windows of approximately 1 Mb (based on build WUGSC 2.1/galGal3) that exceeded a threshold of 1% of genetic variance explained were checked for overlap with previously reported quantitative trait loci (QTL) for immune response and physiological traits on www.animalgenome.org and for genes for which the GO terms descriptions included keywords "heat" and "temperature" on http://useast.ensembl.org/biomart/.
RESULTS AND DISCUSSION
The distribution of heat stress mortality by sire family is in Figure 1 . Average mortality due to heat stress was 8.2% with standard deviation of 5.32, ranging from 0 to 24.6% by sire. In unweighted analysis, markers explained 8% of phenotypic variance. One 1-Mb window on chromosome 5 explained 1.2% of genetic variance (Figure 2 ). When the number of daughters was fitted as a weight in the analysis, the proportion of variance explained by markers dropped to 1%, but 9 1-Mb windows explained between 1.1 and 2.1% of genetic variance on chromosomes 1, 3, 5 (the same top window as in the unweighted analysis), 9, 17, and 18 (Figure 3) . A more detailed description of the regions is in Table 1 . Felver-Gant et al. (2012) showed that lines differed in response to heat in immunological biomarkers, blood and brain chemistry; thus, we overlaid the identified genomic regions associated with heat stress mortality with published QTL for immune and physiological traits.
Two regions associated with mortality from heat stress were identified on chromosome 1, at 33 and 180 Mb (Table 1) . These regions overlapped a previously reported QTL for multiple traits, including antibody response to sheep red blood cells (SRBC) (Siwek et al., 2003b) , cloacal bacterial burden after challenge with Salmonella enteritidis (Tilquin et al., 2005 ), Marek's disease traits (Heifetz et al., 2009) , insulin level, and insulin like growth factor level (Park et al., 2006) , respectively.
The region identified on chromosome 3 at 46 Mb (Table 1) 1  15  29  43  57  71  85  99  113  127  141  155  169  183  197  211  225  239  253  267  281  295  309  323  337  351  365  379  393  407  421  435  449  463  477  491  505  519  533  547  561  575  589  603  617  631  645  659  673  687 1  15  29  43  57  71  85  99  113  127  141  155  169  183  197  211  225  239  253  267  281  295  309  323  337  351  365  379  393  407  421  435  449  463  477  491  505  519  533  547  561  575  589  603  617  631  645  659  673  687 region. One of the GO terms for a LDL receptor related protein 11 (LRP11) gene in that region is "response to heat" (GO:0009408). The definition of this GO term is: "Any process that results in a change in state or activity of a cell or an organism (in terms of movement, secretion, enzyme production, gene expression, etc.) as a result of a heat stimulus, a temperature stimulus above the optimal temperature for that organism." (http://www.informatics.jax.org/searches/GO.cgi?id= GO:0009408). A second region on chromosome 3 at 90 Mb overlapped with QTL for antibody responses to SRBC (Siwek et al., 2003b) and to lipoteichoic acid (LTA) antigen (Siwek et al., 2006) . Table 1 . Genomic location for 1-Mb windows explaining more than 1% of genetic variance in heat stress mortality and their overlap with physiological and immune traits (QTL) and genes annotated as related to heat. 
ERN1
chr Mb-chromosome and megabase position, nSNP-number of SNPs within 1-Mb window, %Var-percent of genetic variance explained, P > 0 -posterior probability of having a non-zero effect.
The genomic region with the highest proportion of genetic variance explained was located on chromosome 5 and included 2 1-Mb windows, at 26 and 29 Mb (Table 1) , which jointly accounted for 2.1% of the genetic variance in mortality due to high heat. This region overlapped with 3 previously reported QTL for immune response: antibody responses to SRBC (Siwek et al., 2003b) , Lipopolysaccharide (LPS) (Slawinska et al., 2011) , and to LTA antigen (Siwek et al., 2006) , and 2 QTL for the physiological traits glucose level (Nadaf et al., 2009 ) and triglyceride level (Campos et al., 2009 ). This region, however, did not overlap with any regions previously identified as involving thermal stress.
The region on chromosome 9 (Table 1) overlapped with QTL for antibody response to SRBC (Siwek et al., 2003b ), Marek's disease traits (Heifetz et al., 2009) , and creatine kinase level (Navarro et al., 2005) , and also included 3 genes that respond to temperature stimuli: serotonin receptor subtype 2b (HTR2B), eukaryotic translation initiation factor 2B subunit epsilon (EIF2B5), and the superoxide dismutase (SOD2) gene, which was shown to significantly increase in expression under heat stress (Azad et al., 2010; Tan et al., 2010) .
Another region that exceeded the 1% of genetic variance threshold was on chromosome 17 (Table 1) and overlapped with QTL for Troponin T concentration (Navarro et al., 2005) and glucagon level (Zhou et al., 2007) , and with the dopamine beta-hydroxylase gene (DBH), which is involved in homoeostatic processes to maintain internal body temperature at relatively constant (http://www.uniprot.org/uniprot/Q9I9A1).
The region on chromosome 18 (Table 1) overlapped with QTL for Marek's disease traits (Heifetz et al., 2009 ) and for antibody response to MB antigen (Siwek et al., 2003a) and to NDV (Yonash et al., 2001) , and was only 2 Mb away from a region reported by Van Goor et al. (2016) as associated with several blood chemistry parameters under heat stress in broilers. This region contains the endoplasmic reticulum to nucleus signaling 1gene (ERN1), which interacts selectively with Hsp90 proteins (https://www.uniprot.org/uniprot/O75460).
CONCLUSION
Markers explained 8% of phenotypic variance in heat stress mortality suggesting a presence of some genetic control for this trait. Several genomic regions potentially associated with heat stress resistance were identified, some of which overlap with previously reported QTL regions for immune response and physiological traits and include genes involved in thermoregulation and response to heat. Further research is needed to validate the results.
